Glucagon-like peptide-1 (GLP-1) is an intestinally derived blood glucose-lowering hormone that potentiates glucose-stimulated insulin secretion from pancreatic ␤-cells. The secretagogue action of GLP-1 is explained, at least in part, by its ability to stimulate cAMP production so that cAMP may facilitate the release of Ca 2ϩ from inositol trisphosphate receptor (IP 3R)-regulated Ca 2ϩ stores. However, a quantitative model has yet to be provided that explains the molecular mechanisms and dynamic processes linking GLP-1-stimulated cAMP production to Ca 2ϩ mobilization. Here, we performed simulation studies to investigate how GLP-1 alters the abilities of Ca 2ϩ and IP3 to act as coagonists at IP3R Ca 2ϩ release channels. A new dynamic model was constructed based on the Kaftan model, which demonstrates dual steady-state allosteric regulation of the IP 3R by Ca 2ϩ and IP3. Data obtained from ␤-cells were then analyzed to understand how GLP-1 facilitates IP 3R-mediated Ca 2ϩ mobilization when UV flash photolysis is used to uncage Ca 2ϩ and IP 3 intracellularly. When the dynamic model for IP3R activation was incorporated into a minimal cell model, the Ca 2ϩ transients and oscillations induced by GLP-1 were successfully reconstructed. Simulation studies indicated that transient and oscillatory responses to GLP-1 were produced by sequential positive and negative feedback regulation due to fast activation and slow inhibition of the IP 3R by Ca 2ϩ . The slow rate of Ca 2ϩ -dependent inhibition was revealed to provide a remarkable contribution to the time course of the decay of cytosolic Ca 2ϩ transients. It also served to drive and pace Ca 2ϩ oscillations that are significant when evaluating how GLP-1 stimulates insulin secretion. inositol 1,4,5-trisphosphate; glucagon-like peptide-1; Ca 2ϩ mobilization; model stimulation PANCREATIC ␤-CELLS PLAY a central role in the control of blood glucose homeostasis by generating bursts of action potentials when levels of blood glucose rise after a meal. This rhythmic bursting activity is accompanied by oscillations of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) that induce pulsatile insulin secretion (2; 17, 38). Glucagon-like peptide-1 (GLP-1) is also an insulin secretagogue (30), and it activates G protein-coupled receptors (GPCRs) on ␤-cells to stimulate cAMP production so that cAMP signaling pathways may facilitate the inositol trisphosphate receptor (IP 3 R)-dependent release of Ca 2ϩ from endoplasmic reticulum (ER) Ca 2ϩ stores (12, 13, 20, 24 -27, 32, 37). This IP 3 R-dependent ER Ca 2ϩ release serves as a direct stimulus for insulin secretion (26), and it occurs when ␤-cells are simultaneously exposed to glucose and GLP-1 so that levels of intracellular IP 3 , Ca 2ϩ , and cAMP are elevated in concert (19, 31) . In the present study, we report mathematical simulation studies that reveal how ␤-cell IP 3 Rs act as molecular coincidence detectors so that their gating function is regulated not only by IP 3 and Ca 2ϩ but also by cAMP. Studies using microsomal vesicles containing the IP 3 R derived from rat brain synaptosomes (14) oscillations. Still, it remains uncertain how Ca 2ϩ , IP 3 , and cAMP functionally interact to control IP 3 R activity.
mobilization when UV flash photolysis is used to uncage Ca 2ϩ and IP 3 intracellularly. When the dynamic model for IP3R activation was incorporated into a minimal cell model, the Ca 2ϩ transients and oscillations induced by GLP-1 were successfully reconstructed. Simulation studies indicated that transient and oscillatory responses to GLP-1 were produced by sequential positive and negative feedback regulation due to fast activation and slow inhibition of the IP 3R by Ca 2ϩ . The slow rate of Ca 2ϩ -dependent inhibition was revealed to provide a remarkable contribution to the time course of the decay of cytosolic Ca 2ϩ transients. It also served to drive and pace Ca 2ϩ oscillations that are significant when evaluating how GLP-1 stimulates insulin secretion. inositol 1,4,5-trisphosphate; glucagon-like peptide-1; Ca 2ϩ mobilization; model stimulation PANCREATIC ␤-CELLS PLAY a central role in the control of blood glucose homeostasis by generating bursts of action potentials when levels of blood glucose rise after a meal. This rhythmic bursting activity is accompanied by oscillations of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) that induce pulsatile insulin secretion (2; 17, 38) . Glucagon-like peptide-1 (GLP-1) is also an insulin secretagogue (30) , and it activates G protein-coupled receptors (GPCRs) on ␤-cells to stimulate cAMP production so that cAMP signaling pathways may facilitate the inositol trisphosphate receptor (IP 3 R)-dependent release of Ca 2ϩ from endoplasmic reticulum (ER) Ca 2ϩ stores (12, 13, 20, 24 -27, 32, 37) . This IP 3 R-dependent ER Ca 2ϩ release serves as a direct stimulus for insulin secretion (26) , and it occurs when ␤-cells are simultaneously exposed to glucose and GLP-1 so that levels of intracellular IP 3 , Ca 2ϩ , and cAMP are elevated in concert (19, 31) . In the present study, we report mathematical simulation studies that reveal how ␤-cell IP 3 Rs act as molecular coincidence detectors so that their gating function is regulated not only by IP 3 and Ca 2ϩ but also by cAMP. Studies using microsomal vesicles containing the IP 3 R derived from rat brain synaptosomes (14) provide a conceptual framework with which to evaluate how such coordinate regulation of ER Ca 2ϩ mobilization is achieved. These studies indicate a positive feedback action of Ca 2ϩ to potentiate IP 3 oscillations. Still, it remains uncertain how Ca 2ϩ , IP 3 , and cAMP functionally interact to control IP 3 R activity.
Among the three subtypes of IP 3 receptors (IP 3 R1, IP 3 R2, and IP 3 R3) identified so far, it is IP 3 R1 that is predominantly expressed in mouse ␤-cells (29) . The activity of IP 3 R1 is determined by the occupancy of two major IP 3 binding sites; one with high affinity for IP 3 , and another with low affinity (K d ϭ 0.05 ϳ 1.78 and 10 M, respectively). Ca 2ϩ acts as a coagonist, and the bell-shaped bimodal regulation of the steady-state channel open probability (P o ) by cytosolic Ca 2ϩ is explained by two Ca 2ϩ binding sites: one is for channel activation (K d ϭ 0.8 M) and the other is for channel inhibition (K d not yet determined) (6, 8, 22, 23, 35, 36, 40, 45) . However, one limitation of earlier mathematical models of IP 3 R1 regulation is that some models described a single highaffinity IP 3 binding site, usually omitting the low-affinity IP 3 binding site (9, 10, 16) . Since these models predicted saturated channel activity at a basal cytosolic concentration of IP 3 concentration ([IP 3 ]; ϳ2 M; Refs. 4, 21), they were not suitable for analysis of IP 3 R1 channel activity at physiologi-cally relevant higher concentrations of IP 3 . A significant improvement that allowed accurate simulation of IP 3 R1 channel activity was the steady-state IP 3 R1 model of Kaftan et al. (23) that considered both high-and low-affinity IP 3 binding sites, as well as two Ca 2ϩ -binding sites. Using experimental approaches, Kaftan et al. (23) , demonstrated that Ca 2ϩ -dependent channel activity increased as levels of [IP 3 ] (0.02ϳ180 M) also increased. By taking into account both high-and lowaffinity IP 3 
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There are a total of 16 possible states of each monomer associated with every combination of agonist binding. Kaftan et al. (23) 
The rate constants ␣ CaA, ␤CaA, ␣CaI, and ␤CaI (Table 2) were estimated by reproducing Ca 2ϩ -induced Ca 2ϩ release (Fig. 3 ) in a minimal ␤-cell model (Fig. 2) , which is described below. Regulation of the IP 3R due to binding of IP3, on the other hand, was approximated by an instantaneous equilibrium (see Eqs. 1 and 2) for simplicity.
Development of the minimal cell model. Schematic illustration of the mouse ␤-cell minimal cell model is shown in Fig. 2 
Steep gradients in cytosolic Ca 2ϩ concentration are expected near the Ca 2ϩ releasing site (nrs). For simplicity, the histological and functional composition of the Ca 2ϩ releasing unit for every IP3R was assumed to be uniform throughout the cell. Thus a single compartment containing ER, nrs, and the bulk cytosolic space was implemented for the minimal cell model. Volumes for nrs (vol nrs) are indicated in Table  2 , along with ER volume (volER) and cytosolic bulk volume (volblk), as determined on the basis of ultrastructural morphometry (11) .
Whole cell molar flux of Ca 2ϩ through the IP3R (JIP3R) was defined by Eq.8, where Po is the open probability, determined by [Ca 2ϩ ]nrs.
Background Ca 2ϩ conductivity through the ER membrane (5) was described by Eq. 9.
Diffusion of Ca 2ϩ from the nrs to blk space, Jnrsblk, was assumed as in Eq. 10. 
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coefficient nH ϭ 2. PSERCA the maximum molar flux of SERCA with a unit of amol/ms. 
In these mathematical analyses, J mleak was set to zero for simplicity. Thus intracellular total Ca 2ϩ content (Ca 2ϩ tot) was kept constant. This approach revealed mechanisms of Ca 2ϩ mobilization that are intrinsic to ER function and that are determined by activities of the IP3R and SERCA. Redundancy in calculating Ca 2ϩ concentrations at all subcellular compartments was avoided by omitting Eq. 14 but applying the Ca 2ϩ conservation below (Eq. 15).
P IP3R and PSERCA (Table 2) were determined on the basis of passive Ca 2ϩ leak and JSERCA, respectively, for the full ␤-cell model describing the nonbursting period (5) . V nrs, as well as PERleak, Pnrsblk, and P mleak, were estimated by reproducing the resting [Ca 2ϩ ]blk, [Ca 2ϩ ]ER, and the time course of the decay of released Ca 2ϩ under control conditions (see Fig. 3A ). Parameters for V nrs and Pnrsblk, however, are not unique in satisfying the resting cellular conditions. Decreasing V nrs in concert with increasing Pnrsblk, for example, would provide the analogous result. P IP3R as well as PSERCA in the presence of forskolin, a cAMP-elevating agent, were also estimated by reproducing the Ca 2ϩ -induced Ca 2ϩ transient (in Fig. 3A ). Bifurcation analysis. Bifurcation analysis is a mathematical approach to investigate changes in model behavior (whether it converges, diverges, or oscillates) initiated by continuous alteration in the value of a given model parameter. More specifically, this analysis examines bifurcations of stationary and periodic steady-state solutions of the model; equilibrium points (EPs) and limit cycles (LCs), respectively. For the model described here, each of the key parameters (Ca 2ϩ tot, PIP3R, PSERCA, ␣CaA, and ␣CaI) was systematically varied with the objective to determine how the [Ca 2ϩ ]nrs transitions from a stable stationary behavior (at the EP) to a spontaneously generating oscillatory pattern (within a LC). For this analysis, the positions and stabilities of the steady states were automatically obtained by directly finding roots of the model equation system using XPPAUT, a computational tool for bifurcation analysis. 
Eq. 13 can be deformed into the following equation (Jflash was not included for oscillation studies). (NP-EGTA-AM), it was possible to use short-duration, lowintensity UV flash photolysis to uncage Ca 2ϩ to examine how Ca 2ϩ and cAMP functionally interact to facilitate CICR originating from IP 3 R-regulated ER Ca 2ϩ stores. Under control conditions in which ␤-cells were not exposed to a cAMPelevating agent, the uncaging of Ca 2ϩ generated a small increase of [Ca 2ϩ ] i (Fig. 3A , left arrow) that was not considered to result from ER Ca 2ϩ mobilization. However, for ␤-cells treated with the cAMP-elevating agent forskolin, ER Ca 2ϩ mobilization resulting from CICR was observed (Fig. 3A, right  arrow) , as defined by Kang et al. (25) . With this available information in hand, we sought to model the underlying processes of ER Ca 2ϩ mobilization. For the mathematical simulation studies reported here, UV flash photolysis-induced uncaging of Ca 2ϩ in the absence of forskolin was simulated as a step-wise intracellular "injection" of Ca 2ϩ at a rate of 40 fmol/s into the bulk (blk) cytosolic space for 1 ms while also injecting Ca 2ϩ near the release site (nrs) at which IP 3 Fig. 3 (B) , Ca 2ϩ was injected at a rate of 40 fmol/s for 1 ms (IP3 ϭ 2 M) (Fig. 3B, left trace) , the [Ca 2ϩ ] blk quickly rose to ϳ0.6 M during injection of Ca 2ϩ . However, the response immediately decayed after the offset of injection without generating CICR, as was also the case for the experiment reported by Kang et al. (Fig. 3A, left arrow) . To obtain these findings, the [IP 3 ] was fixed at the basal concentration of ϳ2 M, and P IP3R and P SERCA were also set at basal activity levels of 13.65 fl/ms and 0.069 amol/ms, respectively (see Table 2 ).
To model the sensitizing action of forskolin at the IP 3 R, the value for P IP3R was increased, a manipulation that simulates PKA-mediated phosphorylation of the IP 3 R (41). Simultaneously, P SERCA was also increased to simulate the higher turnover rate of SERCA that occurs when levels of cAMP are increased (46) . CICR was successfully initiated ϳ400 ms after Ca 2ϩ injection when P IP3R and P SERCA were increased to 174.72 fl/ms and 0.23 amol/ms, respectively (Fig. 3B, right  trace) . Properties describing the amplitude and time course of this simulated CICR (peak ϭ 0.5 M, time-to-peak ϭ 2.2 s, and duration at the 50% amplitude cut-off ϭ 5.6 s) were comparable to that of the Ca 2ϩ transient measured by Kang et al. (Fig. 3A, right arrow) for mouse ␤-cells treated with forskolin (peak ϭ 0.422 Ϯ 0.063 M, time-to-peak ϭ 2.98 Ϯ 1.69 s, and duration at the 50% amplitude cut-off ϭ 7.6 Ϯ 1.9 s). P IP3R and P SERCA values of 174.72 fl/ms and 0.23 amol/ms, respectively, provided the best match for simulated and experimental CICR when comparing these properties of Ca 2ϩ transient amplitude and duration.
Kang et al. (25) also reported that a membrane permeable caged IP 3 (ci-IP3/PM) could be used in combination with UV flash photolysis to evaluate how forskolin facilitates IP 3 Rmediated Ca 2ϩ mobilization in ␤-cells. In the absence of forskolin, the uncaging of IP 3 produced a small increase of Ca 2ϩ (Fig. 3C, left arrow) , whereas a Ca 2ϩ transient with properties similar to CICR was initiated in ␤-cells treated with forskolin (Fig. 3C, right arrow) . For these ␤-cells treated with forskolin, experimental properties describing the amplitude and time course of the Ca 2ϩ transient triggered by the uncaging of IP 3 (peak ϭ 0.528 Ϯ 0.096 M, time-to-peak ϭ 4 ms, and duration at the 50% amplitude cut off ϭ 8. To simulate experimental findings obtained with caged IP 3 , the [IP 3 ] was increased in a step-wise manner from an initial value of 2 M to final value of 100 M. This final value was then maintained for the whole time course of the simulation (Fig. 3D, black horizontal bars) . For the sake of simplicity, the rate of degradation of IP 3 was not considered. Continuous elevation of [IP 3 ] stimulated only a small increase of [Ca 2ϩ ] i when values of P IP3R and P SERCA were set at "basal" levels ( Fig. 3D, left trace) analogous to experimental findings obtained in the absence of forskolin (Fig. 3C, left arrow) . These basal levels for P IP3R and P SERCA corresponded to 13.65 fl/ms and 0.069 amol/ms, respectively.
To model findings obtained for ␤-cells treated with forskolin, the values of P IP3R and P SERCA were increased to "activated" levels that corresponded to 174.72 fl/ms and 0.23 amol/ms, respectively. Under these conditions, the Ca 2ϩ transient generated by a simulated step-wise increase of [IP 3 ] (Fig.  3D , right trace) matched closely that of the Ca 2ϩ transient induced by uncaging of IP 3 in ␤-cells treated with forskolin (Fig. 3C, right arrow) . Properties describing the amplitude and time course of the IP 3 -induced Ca 2ϩ response under activated conditions in this simulation yielded the following values: peak ϭ 0.56 M, time-to-peak ϭ 3.0 s, and duration at the 50% amplitude cut off ϭ 5.9 s.
When considering these findings obtained in simulation studies that mimic the uncaging of Ca 2ϩ (Fig. 3B) or the uncaging of IP 3 (Fig. 3D) , and when also considering data in Fig. 1 concerning IP 3 R open channel probability, it may be concluded that the present model of IP 3 R-mediated Ca 2ϩ mobilization faithfully reproduced experimental findings obtained using mouse ␤-cells (25) . Furthermore, these simulation studies indicated that the ␤-cell IP 3 R acts as a molecular coincidence detector in which its gating function is regulated not only by IP 3 ] blk started to gradually decay to the resting levels (Fig. 4Aa, ①) . When the Ca 2ϩ injection became strong enough to outrun the threshold (see Fig. 4Aa, ⑤ (Fig. 4Aa, ⑤-⑦) where J efflux balanced with J SERCA . Involvement of a positive feedback loop for activation of the IP 3 R was well revealed by increasing P CaAca (Fig. 4Ad ) along with P o (Fig. 4Ac) for the rising phase of [Ca 2ϩ ] nrs . Note that the rate of the initial rising phase became faster with a stronger Ca 2ϩ stimulus, whereas common sigmoidal time courses for self-regenerating responses were observed once positive feedback was triggered.
Next, we investigated whether binding of Ca 2ϩ to the receptor's CaI site contributes to the termination of Ca 2ϩ transients. To this end, the change in P CaIca was calculated along with P CaAca , whereas [Ca 2ϩ ] ER remained fixed at the resting conditions for this simulation (Fig. 4, Ba-Bd Fig. 4 , Bc and Bd) and an acceleration of the decay of the Ca 2ϩ response (Fig. 4Ba ). Failure to generate the full positive feedback responses was because J SERCA was elevated over J efflux due to a gradual increase in P CaIca (data not shown). Although [Ca 2ϩ ] ER was constant (Fig. 4Bb) , the rate of the decay in the Ca 2ϩ response was quite similar to that of Ca 2ϩ transient in Fig. 3 ] nrs (Fig.  4Ca) , whereas these Ca 2ϩ levels quickly decayed as P o of the IP 3 R was reduced (Fig. 4Cc) along with a large increase in P CaIca (Fig. 4Cd) . Interestingly, these decreases in intracellular Ca 2ϩ responses were followed with a marked sign of Ca 2ϩ oscillations.
Taken together, initiation of CICR occurs when Ca 2ϩ or IP 3 stimulation activates the IP 3 R enough to elevate J efflux (J IP3R ϩ J ERleak ) over J SERCA (data not shown). Sequential rising and falling phases, followed by an autonomous termination of CICR in an intact system, are predominantly determined by the balance between the time courses of Ca 2ϩ -dependent activation and inhibition of the IP 3 R. This sequential change in Ca 2ϩ -dependent activation and inhibition of the IP 3 R (Fig.  4Cd) tot was set at 920.3 amol as a reference for the following bifurcation analysis.
Next, we considered how IP 3 R and SERCA activity levels participate in the generation of Ca 2ϩ oscillations. As Fig. 5B indicates, an increase in P IP3R from a basal (13.65 fl/ms, at the dotted line) to an activated level (174.72 fl/ms, at the solid line) converted [Ca 2ϩ ] nrs from a stable to an oscillatory pattern. Thus appropriate increases in P IP3R to levels within the range that produced stable limit cycles may, indeed, cause sustained oscillation in [Ca 2ϩ ] nrs . When [IP 3 ] was elevated, oscillations were predicted to occur at a lower range for P IP3R (data not shown). In a similar manner, a mode change in the behavioral pattern of [Ca 2ϩ ] nrs was achieved by increasing P SERCA from the resting (0.07 amol/ms, at the dotted line) to enhanced activity level (0.23 amol/ms, at the solid line).
Critical rate constants of Ca 2ϩ -dependent activation and inhibition of the IP 3 R for the generation of [Ca 2ϩ ] nrs oscillations were also examined. As for Fig. 5 , A-C, EPs and LCs of [Ca 2ϩ ] nrs were obtained as a function of varying ␣ CaA (Fig.  5D ) and ␣ CaI (Fig. 5E ). Accompanying ␤ CaA and ␤ CaI , respectively, were systematically modified so that corresponding dissociation constants (K dCaA and K dCAI ) remained constant throughout the analyses. Since ␣ CaA , estimated by the simulation study in Fig. 3 (6 mM/ms, at the solid line in Fig. 5D ), was remarkably faster than ␣ CaI (1.5 E-2 mM Ϫ1 ·ms Ϫ1 , solid line in Fig. 5E ] nrs , suggesting that the oscillation occurred nearly at the instantaneous equilibrium. Corresponding time courses of changes in P CaAca and P CaIca during [Ca 2ϩ ] nrs oscillations in Fig. 6A are shown in Fig. 6B . Note that for these simulations, the cyclic increases (or decreases) in P CaIca were delayed from P CaAca by approximately one-half cycle, exhibiting antiphasic changes in the activation and inactivation parameters.
Contributions of P CaAca , P CaIca , and ] nrs /dt switched from negative to positive (ϳ7.8 s in Fig. 6C ), P CaIca was the only variable that provided a positive contribution, specifically, from ϳ2 s before the inflection point (see the expanded trace in Fig. 6D Fig. 6 , C-E, since it was negligibly small. Finally, note that the inflection point from ascending to descending phases of IE [Ca 2ϩ ] nrs (Fig. 6A ) was explained by a similar but opposite mechanism to the one described above. The positive rate of change in IE [Ca 2ϩ ] nrs that switched to negative (ϳ28.3 s in Fig.  6C , expanded in the Fig. 6E ) was a result of increased P CaIca (see Fig. 6B oscillations could be induced when IP 3 R and SERCA activities were elevated from basal levels (P IP3R ϭ 13.65 fl/ms and P SERCA ϭ 0.069 amol/ms) to elevated levels (P IP3R ϭ 174.72 fl/ms and P SERCA ϭ 0.23 amol/ms) that are predicted to exist when ␤-cells are stimulated with GLP-1. Simulation studies presented here (Fig. 4) suggest that the time courses of the Ca 2ϩ transients are dictated by sequential positive and negative feedback regulation in which there is faster activation and slower inhibition of the IP 3 R by Ca 2ϩ . Initiation of the Ca 2ϩ transient (CICR) occurs due to positive feedback involving a Ca 2ϩ -dependent increase in P CaAca when Ca 2ϩ or IP 3 activate the IP 3 R enough so that Ca 2ϩ liberation (J IP3R ϩ J ERleak ) exceeds its removal from the cytosol (J SERCA ϩ J mleak ). The peak of the Ca 2ϩ response is achieved when the J IP3R starts to decline primarily due to an increase in P CaIca , so that J efflux drops below J excretion . The rate of change in P CaIca provides a remarkable contribution to the rate of decay in the transient response and to ultimate termination of CICR. Bifurcation analysis also revealed that sequential positive and negative feedback regulation of the IP 3 R by Ca 2ϩ was a crucial property to induce Ca 2ϩ oscillations. IE analysis simultaneously disclosed that the key factor to drive and pace Ca 2ϩ oscillations was the slower rate of change in P CaIca causing gradual development of Ca 2ϩ -dependent inhibition of the IP 3 R followed by recovery from inhibition (Fig. 6) .
Experimental findings compared with stimulation-based studies. Bifurcation analysis presented in Fig. 5 , A-C, further clarified that the generation of oscillatory Ca 2ϩ events was explained by an elevation of Ca 2ϩ tot , as well as IP 3 R and SERCA activation that reached levels exhibiting stable limit cycles. In true physiological conditions, the increase of Ca 2ϩ tot occurs during the bursting period when concentrations of glucose rise to stimulatory levels. Simultaneously, IP 3 R and SERCA activity is increased by GLP-1, as discussed above. Although these fundamental mechanisms underlie rhythmic IP 3 R-mediated Ca 2ϩ mobilization, it must be pointed out that only a few reports exist in which oscillatory Ca 2ϩ release was found to occur in ␤-cells (18, (31) (32) (33) . The difficulty to demonstrate oscillatory Ca 2ϩ events might be attributed to the involvement of multiple cellular factors that must occur in a temporally coincident manner. In other words, any failure in the system that causes an insufficient increase in either IP 3 R or SERCA activity levels, or Ca 2ϩ tot , will lead to imperfect or unsuccessful generation of IP 3 R-mediated rhythmic Ca 2ϩ mobilization. microdomains into the present model. Since there was no reference that suggests the specific size of Ca 2ϩ microdomains in ␤-cells, vol nrs was assumed to be ϳ1% of the size of vol blk in this study (vol nrs ϭ 7.73 fl). With this assumption, simulations were successfully performed. However, arbitrarily decreasing Vol nrs in concert with increasing P nrsblk (a parameter that determines the flux of Ca 2ϩ from nrs to the blk space) also generated Ca 2ϩ transients and oscillations, the time courses and amplitudes of which were similar to those simulated with control parameters (cf. Figs. 3 and 5Ab) . Thus an interplay between Vol nrs and P nrsblk led to an inability to precisely determine the exact values for these two parameters. Although exact values for vol nrs and P nrsblk were not estimated, our assumption of small microdomains of high [Ca 2ϩ ] occurring at point sources of Ca 2ϩ release ("nrs") was shown to be a valid. Omission of "nrs" from the model led to a situation in which the simulations failed to reconstruct transient and oscillatory Ca 2ϩ responses that were previously observed under experimental conditions (i.e., the peak as well as the interval separating the oscillatory Ca 2ϩ release events were severely increased, data not shown).
Conclusion. For nearly 30 yr it has been appreciated that the insulin secretagogue action of the GLP-1 is a glucose-dependent phenomenon (28) . More specifically, GLP-1 potentiates glucose-stimulated insulin secretion only when levels of glucose are elevated to concentrations that are themselves capable of initiating insulin exocytosis. This glucose-dependent action of GLP-1 is due, at least in part, to synergistic activation of the IP 3 R by glucose metabolism and the GLP-1/cAMP signaling pathways. When considering the action of glucose, it is established that oxidative glucose metabolism in ␤-cells generates cytosolic ATP, a nucleotide that increases IP 3 R Ca 2ϩ sensitivity by producing a left-shift of the IP 3 R open probability (P o ) as a function of the Ca 2ϩ concentration relationship (15 (41) . GLP-1 also activates the cAMP sensor Epac2 to stimulate a novel PLCε that promotes protein kinase C (PKC) activation and additional Ca 2ϩ mobilization (13) . Thus coadministration of glucose and GLP-1 to ␤-cells leads to cyclic activation of the IP 3 R with resultant oscillations of [Ca] i that stimulate insulin exocytosis. This constitutes a novel mechanism of CICR, and as demonstrated by the mathematical simulations reported here, IP 3 receptors are considered to be molecular coincidence detectors dually activated by IP 3 and Ca 2ϩ in a context-specific manner. Elevated glucose metabolism is an essential contributing factor, whereas GLP-1/cAMP renders IP 3 receptors fully competent to release Ca 2ϩ in response to both IP 3 and Ca 2ϩ . Although the simulations presented here are clearly relevant to mouse ␤-cells, our minimal model will eventually need to be expanded to include the participation of other types of intracellular Ca 2ϩ release channels. For example, evidence exists that in human and rat ␤-cells, RYR2-mediated CICR can contribute to processes of ER Ca 2ϩ mobilization (7, 20) . 
